The purpose of this study was to examine the relationship between muscle architecture of the triceps brachii (TB) and joint performance during concentric elbow extensions. Twenty-two men performed maximal isometric and concentric elbow extensions against various loads. Joint torque and angular velocity during concentric contractions were measured, and joint power was calculated. Muscle length, cross-sectional areas, and volume of TB were measured from magnetic resonance images. Pennation angle (PA) of TB at rest was determined by ultrasonography. The PA was significantly correlated with the maximal isometric torque (r = .471), but not to the torque normalized by muscle volume (r = .312). A significant correlation was found between PA and the angular velocity at 0 kg load (r = .563), even when the angular velocity was normalized by the muscle length (r = .536). The PA was significantly correlated with the maximal joint power (r = .519), but not with the power normalized by muscle volume (r = .393). These results suggest that PA has a positive influence on the muscle shortening velocity during an unloaded movement, but does not have a significant influence on the maximum power generation in untrained men.
Muscle force production can be affected by many factors, such as muscle architecture, muscle fiber type composition, and neural activation. A previous simulation study suggested that the muscle architecture has a greater influence on the contractile properties of the muscle than does the fiber type composition. 1 Among the architectural factors, muscle size has the strongest influence on the maximal isometric force (strength). Previous studies have demonstrated that the muscle size, determined as anatomical or physiological cross-sectional area (CSA) and muscle volume, is closely related to the maximal voluntary strength in isometric contractions. [2] [3] [4] [5] [6] [7] In addition, the pennation angle of muscle fibers also influences maximal isometric strength. There is a positive correlation between the pennation angle and the muscle size across individuals. 8, 9 Although a large pennation angle allows a greater amount of contractile material to attach to a given area of tendon (aponeurosis), only the cosine component of the force developed by muscle fibers is effectively transmitted to the tendon. 10 In fact, the pennation angle is negatively correlated with the isometric strength normalized by anatomical CSA. 11 Taken together, the force-generating potential of a muscle in isometric contractions is determined, to a large extent, by the muscle size and the pennation angle.
In dynamic contractions, muscle length is shortened when the muscle force overcomes resistance. The maximal velocity of shortening of a muscle has been shown to be proportional to the muscle fiber length. 1, 12 This is because the fiber length reflects the number of sarcomeres in series and muscle shortening velocity is the sum of the shortening velocities of the sarcomeres in series. From the close relationships between the fiber length and the shortening velocity and between muscle CSA and the maximal force, it is expected that the muscle volume (the product of fiber length and physiological CSA) is related to the maximal muscle power (the product of velocity and force) during dynamic contractions. In previous reports, a close relationship was reported between the muscle volume and power at a given condition (load or velocity). [13] [14] [15] [16] Furthermore, the pennation angle can also influence muscle shortening velocity and power. Theoretically, if the pennation angle remains constant during contractions, the shortening velocity of the muscle would be slower than the shortening velocity of the muscle fibers ( Figure  1 A-B) . Experimental studies, however, have revealed that the pennation angle of a given muscle increases as the muscle fibers shorten; that is, muscle fiber rotation occurs during the fiber shortening. [17] [18] [19] [20] [21] The increase in the pennation angle causes the muscle to shorten, by further An Official Journal of ISB www.JAB-Journal.com ORIGINAL RESEARCH increasing the amount of muscle length shortening for a given change in the muscle fiber length (Figure 1 A-C) . Consequently, the increase in the pennation angle that occurs during the contraction amplifies the shortening velocity of the muscle to exceed the shortening velocity of the muscle fibers. 22, 23 In addition, a simulation study 24 and an animal experiment 25 have shown that the amplification of muscle shortening velocity due to fiber rotation is greater in muscles with larger pennation angles. However, it is questionable whether the findings obtained from a simulated model under controlled conditions 24 or from only four samples 25 can be applied to explain the variability in the human muscle contractile properties. For human muscles, experimental evidence regarding the relation between pennation angle and either shortening velocity or power of muscle has not been provided.
If a large pennation angle is advantageous for muscle shortening velocity 24, 25 and if the advantage is an offset against the loss of effective force transmission, the pennation angle may not be related to power generation capacity in concentric contraction. The current study aimed to test the hypothesis that the pennation angle of a muscle is correlated with its maximal shortening velocity, but not with the maximal power normalized by the muscle size. We focused on the triceps brachii muscle and the joint performance during elbow extension, because the muscle has a greater interindividual variability in its size and architecture as compared with other limb muscles. 9, 26 
Methods
Subjects were 22 healthy young men (age; 26.0 ± 3.7 y, height; 172.5 ± 5.1 cm, body mass; 68.9 ± 9.5 kg, mean ± SD). They had not participated in regular upper extremity resistance training for at least 1 year before the tests. They were fully informed of the purpose and potential risks of the experiment and provided written informed consent. The current study was approved by the human research ethics committee of the Faculty of Sport Sciences, Waseda University.
A series of cross-sectional images of the right upper arm ( Figure 2 ) were obtained with a magnetic resonance (MR) scanner (Signa 1.5T, GE, USA), while the subjects lay in a prone position. The MR images were obtained by using the T1-weighted spin-echo sequence (echo time: 11 ms, repetition time: 520 ms, slice thickness: 10 mm, matrix: 256 × 192, field of view: 180 mm). Two scans were carried out to obtain the MR images at the proximal (from the origin of the triceps brachii [infraglenoid tubercle of the scapula] to the center of the upper arm) and distal (from the center of the upper arm to the insertion of the triceps brachii [olecranon]) portions of the upper arm. The anatomical CSAs of the triceps brachii muscle were measured in the images by using an image analysis software (SliceOmatic, Tomovision, Canada). Care was taken to exclude noncontractile tissues such as intramuscular fat and vessels. The CSAs of the triceps Figure 1 -Schematic illustrations of a pennate muscle at rest (A) and during contraction (B and C). In model B, the pennation angle during contraction is not changed from at rest. On the other hand, the pennation angle in model C increases during contraction with a constant muscle thickness. For a given shortening of muscle fiber, the length change in the muscle from the rest condition (double-headed arrow) is greater in model C than model B. FLa, FLb and FLc mean the muscle fiber length in model A, B and C, respectively. θa, θb and θc denote the pennation angle in model A, B and C, respectively.
were summed along its length, and multiplied by the slice thickness (10 mm) to calculate muscle volume. Muscle length was defined as the distance between the most proximal and distal images in which the muscle was visible. The muscle length was strongly correlated with the upper arm length measured by a steel measure as the distance from the acromial process to the lateral epicondyle of the humerus (r = .938, n = 22). This suggests that the method for the muscle length was valid for investigating the intersubject variability in the distance from the origin to the insertion of the muscle (muscle length). The MR images of 10 of the 22 subjects were analyzed twice. The coefficients of variations (CV) of the two measurements were 0.5 ± 0.4% and 0.6 ± 0.5% for the maximal anatomical CSA (ACSA max ) and the muscle volume, respectively. The intraclass correlation coefficients (ICC) of the measurements were 0.999 for both ACSA max and muscle volume.
A longitudinal image of the triceps brachii ( Figure 3 ) was scanned using an ultrasound apparatus (SSD-6500, Aloka, Japan) with a linear-array probe (10 MHz wave frequency, UST-5712, Aloka, Japan). The subjects lay supine on the bench of a dynamometer (Con-Trex, CMV AG, Switzerland). The right shoulder joint was elevated in the sagittal plane by 90° from the anatomic position. The elbow joint was held at 70° flexion from full extension (see below for the choice of the angle). The probe with water-soluble transmission gel was attached to the skin of the muscle belly. The scan was performed at rest and repeated three times for each subject. From each ultrasound image, the pennation angle of the long head of triceps brachii was measured as an angle between the muscle fascicle and the aponeurosis. The pennation angle of the long head was determined as a representative of the triceps brachii muscle, because it correlates with the pennation angle of the medial head 8 and these two heads (long and medial heads) account for about 70% of the volume of the whole triceps brachii muscle. 27 The muscle fascicle (fiber) length could not be measured from the image because of the limited size of the probe (58 mm). The measurements of pennation angle were performed three times for each image with an image analysis software (Image J, National Institutes of Health, USA) and the overall mean of three scans and three measurements was used for further analyses. The CVs of repeated scans and measurements were 5.7 ± 2.9% and 2.3 ± 1.5%, respectively. The ICCs of repeated scans and measurements were 0.884 and 0.983, respectively.
Joint extension power at the elbow was measured to represent the muscle power of the triceps brachii. The subjects lay supine with the shoulder flexed by 90° and the upper arm securely fastened to a plate of a custom-made dynamometer. The forearm was secured to a lever arm which rotated around the axis of the dynamometer. The rotation axis of the elbow joint was visually aligned with that of the dynamometer as closely as possible. Force was measured with a load cell (LUR-A-500NSA1, Kyowa, Japan) attached to the wrist. The angle of the lever arm was measured with a potentiometer. The force and joint angle signals were amplified and transferred to a computer via an A/D converter at 1000 Hz (PowerLab/16SP, AD Instruments, Australia). The force was converted to torque by multiplying it by the perpendicular distance between the load cell and the axis of the dynamometer. The subjects performed both maximal isometric and concentric elbow extensions. In the isometric elbow extension, the lever arm was mechanically stopped and the elbow joint was held at a 70° flexed position. The angle was selected because the isometric elbow extension torque was highest in a range between 50° to 110° flexed position. 28 In the concentric elbow extension, the range of motion of elbow joint was from 110° to 30° flexed position. The subjects were required to extend the elbow as strongly and quickly as possible against eight different loads (0, 1.0, 2.5, 5.0, 7.5, 10.0, 12.5, and 15.0 kg). We provided the range of loads to obtain the load-joint power relationship for each subject and to identify the peak value of joint power in the relationship. After a warmup period of submaximal and maximal contractions, two trials were performed for each test condition with a rest period of at least 1 min. The order of tests was randomly assigned. Joint extension power at elbow achieved at 70° was calculated as the product of the joint torque and joint angular velocity at that angle during a concentric elbow extension. The higher value of two isometric torques and the highest value of joint power among the loads were adopted as the maximal joint torque and the maximal joint power of each subject, respectively. The higher value of two joint angular velocities at the load of 0 kg was used as a measure of muscle shortening velocity. Reproducibility for measuring the joint extension power at elbow with the system has been already confirmed by our previous study (ICCs of repeated measurements were 0.86 ± 0.7). 29 Data were presented as mean ± SD. Relationships of two variables were tested with Pearson's product moment correlation coefficient. Statistical significance was set at P < .05. The analyses were performed with a statistical software (SPSS 12.0J for Windows).
Results
The pennation angle of the triceps brachii ranged from 9.6° to 18.0° with a higher CV of 19.9% as compared with other architectural factors (muscle volume, 15.8%; ACSA max , 14.8%; and muscle length, 5.6%) ( Table 1) . Some subjects could not extend the elbow joint at the load of 12.5 kg and 15.0 kg. The maximal joint power was observed within the range of loads (1.0 kg-7.5 kg) for each subject.
The pennation angle was significantly correlated with ACSA max (r = .450, P < .05), but not with the muscle volume (r = .377, P = .083). Significant correlations were found between ACSA max and the muscle volume (r = .875, P < .05) and between the muscle length and the muscle volume (r = .503, P < .05).
The maximal isometric torque was significantly correlated with ACSA max (r = .695, P < .05) and the muscle volume (r = .664, P < .05, Figure 4A ). Although a significant correlation was found between the pennation angle and the maximal isometric torque (r = .471, P < .05), the correlation was not significant when the isometric torque was normalized by ACSA max (r = .269, P = .227), or by the muscle volume (r = .312, P = .157, Figure 4B ).
The joint angular velocity at the load of 0 kg was highest among the loads in all subjects. The joint angular velocity at 0 kg was not significantly correlated with the muscle length (r = -0.326, P = .138, Figure 5A ), ACSA max (r = .321, P = .142) or the muscle volume (r = .180, P = .424). The joint angular velocity at 0 kg was significantly correlated with the pennation angle (r = .563, P < .05, Figure 5B ), even when the joint angular velocity was normalized by the muscle length (r = .536, P < .05).
There was a significant correlation between the muscle volume and the maximal joint power (r = .600, P < .05, Figure 6A ). The pennation angle was significantly correlated with the maximal joint power (r = .519, P < .05), but not with the ratio of maximal joint power to the muscle volume (r = .393, P = .072, Figure 6B) .
Discussion
The present results demonstrated that the pennation angle of the triceps brachii was correlated with the angular velocity of the elbow joint at the 0 kg load ( Figure 5B ). Although the coefficient of determination (R 2 = .32) was not as high as that found between the muscle volume and the joint torque (R 2 = .44), the pennation angle was the only architectural parameter related to the angular velocity at 0 kg in the current study. It has been shown that muscle fiber rotation (ie, increase in the pennation angle) during contraction increases muscle shortening velocity for a given fiber shortening velocity ( Figure  1) . 22, 23 Zuurbier & Huijing 23 reported that 34% of the shortening velocity of a muscle was accounted for by the changes in pennation angle in the rat gastrocnemius muscle. Theoretically, the extent to which muscle velocity increases can be affected by the initial fiber length, initial pennation angle, changes in fiber length, and changes in pennation angle during contraction. In simulated muscle models 24 and an animal experiment, 25 the amplification due to fiber rotation has been shown to depend on the initial pennation angle. Our results provide experimental evidence for these reports in human skeletal muscles and suggest that a large pennation angle can be advantageous for shortening velocity of a muscle. It is known that the muscle shortening velocity is proportional to the muscle fiber length. 12 In the current study, muscle length was measured instead of muscle fiber length, on the assumption that the fiber length to muscle length ratio is constant among individuals. 30, 31 However, the result showed that the joint angular velocity at 0 kg was not related to the muscle length. One reason for the discrepancy between the present result and previous reports might include intersubject variation in the ratio of muscle fiber length to muscle length. Although the ratio of fiber length to muscle length was reported to be constant among individuals, 30, 31 it is possible to consider a situation for pennate muscles in which the longitudinal length of a whole muscle (muscle length) is not proportional to the length of fibers that are obliquely arranged at various angles. Direct measurement of fascicle length in future studies will reveal its association with the muscle shortening velocity in humans.
Pennation angle was not found to be correlated with the maximal elbow extension power normalized by muscle volume ( Figure 6B ). The result may be due to an interaction between the advantage of a large pennation angle for muscle shortening velocity 24, 25 and disadvantage in the transmission of force. Actually, a positive correlation was observed between the pennation angle and joint angular velocity at 0 kg ( Figure 5B ), although the pennation angle did not correlate with the isometric torque to muscle volume ratio ( Figure 4B ). The present results suggest that the pennation angle does not have a significant effect on the power generation capacity in untrained men.
No correlation was found between the pennation angle and the maximal isometric torque normalized by muscle volume ( Figure 4B ). Essentially, a large pennation leads to a loss of force transmission, because the cosine component of the force generated by muscle fibers is effectively transmitted to the tendon. Thus, it was expected that a negative correlation would exist between the pennation angle and the maximal torque normalized by muscle volume. The unexpected result may be attributable to the small range of the pennation angles observed in the current study (9.6°-18.0°). The cosine of this range of pennation angles is close to 1 and ranged from 0.951 to 0.986. Within this range, the between-subject variability in the pennation angle will have little effect on the force transmission. On the other hand, previous studies involving subjects with varying degrees of muscle hypertrophy have shown a negative correlation between the pennation angle and isometric 11 and isokinetic 32, 33 strength to ACSA ratio. The ranges of the pennation angles reported in these studies (about 10°-30°3 2,33 and about 15°-55°1 1 ) are greater than that obtained here. For example, the pennation angle of the triceps brachii of bodybuilders ranged from about 15° to 55°, 11 and the corresponding values of cosine function are 0.966 to 0.574. Because of this wide range of cosine value, the effect of between-subjects variability in the pennation angle on force transmission might be evident. Therefore, the discrepancy between the present and previous results could be explained by the range of pennation angle of the subjects.
The contractile properties of the muscle can be affected by factors other than the muscle architecture, such as muscle fiber type composition and neural activation. Interindividual variability in these factors may contribute to the variance unexplained by the muscle architecture. However, Burkholder et al 1 indicated, from a simulation study, that the fiber type composition could have less influence on the muscle contractile properties than the muscle architecture. With regard to the neural activation, the activation levels of elbow extensors in maximal voluntary contraction determined by interpolated twitch technique were reported to be 98.2 ± 2.0% at 80° elbow flexed position in young men. 34 Using a similar technique, Cheng and Rice 35 demonstrated the voluntary activation in young men to be 93.7 ± 5.3% and 94.6 ± 3.5% at 20° and 120° elbow flexed positions, respectively. These data suggest that young men can activate almost all motor units of elbow extensors in their maximal voluntary contraction in a wide range of elbow joint angles. On the other hand, the coactivation of the elbow flexor muscles and its intersubject variability might have influenced on the present results. In our preliminary study, the electromyograms (EMGs) of the biceps brachii were measured during the isometric and dynamic elbow extensions from 10 young subjects (age; 26.9 ± 4.1 y, height; 173.1 ± 4.8 cm, body mass; 68.5 ± 9.0 kg, mean ± SD). As a result, means and standard deviations of the EMG amplitude were very low (isometric elbow extension: 4.5 ± 2.1% of the EMG amplitude during maximal isometric elbow flexion, dynamic elbow extension: 3.7 ± 2.0%). Therefore, the subjects' variations in activation level of the agonist and coactivation level of the antagonist would not have a significant influence on the present finding.
The current study demonstrated that the pennation angle of the triceps brachii was positively correlated with the maximal joint torque, joint angular velocity at 0 kg load, and the maximal joint power of elbow extension, but not with the joint torque or power normalized by the muscle volume. The results suggest that the pennation angle has a positive influence on the muscle shortening velocity during an unloaded movement, but does not have a significant influence on the power generation capacity in the triceps brachii of untrained men.
